The outer layer of the outer membrane in enteric Gramnegative bacteria is exclusively occupied by lipopolysaccharide (LPS), which contains lipid A as the membrane anchor, while the inner layer contains phospholipids. This asymmetric lipid bilayer serves as a permeation barrier to a large number of noxious compounds. The strength of this barrier is due to the strong lateral interactions between LPS molecules and the low fluidity of the saturated fatty acid portion of lipid A in the outer membrane (reviewed in reference 20). Large hydrophilic compounds are excluded by narrow porin channels, and lipophilic compounds cross the asymmetric bilayer very slowly.
The prototype lipid A structure synthesized in Salmonella enterica serovar Typhimurium (S. Typhimurium) is shown in Fig. 1A . In S. Typhimurium, lipid A is further modified by enzymes that are induced upon activation of the two-component regulatory system PhoP-PhoQ (Fig. 1B) (9) . PhoP-PhoQ is essential for Salmonella virulence (3, 6, 18) , and PhoPPhoQ-regulated lipid A modifications are involved in many aspects of virulence. PhoQ is a sensor histidine kinase that responds to environmental conditions, including those within mammalian tissues. The host environment is experimentally mimicked by magnesium limitation and/or mild acid pH in the culture medium (3, 4, 6, 18, 21) . In response to specific environmental signals, PhoQ phosphorylates PhoP, leading to the activation of pagL and pagP, which encode outer membrane lipid A 3-O-deacylase and outer membrane lipid A palmitoyltransferase, respectively (2, 22) . Lipid A 3-O-deacylation by PagL and palmitoylation by PagP reduce the ability of lipid A to activate host Toll-like receptor 4, indicating that PhoPPhoQ-dependent lipid A modifications help pathogens evade innate immune recognition (12) . The regulation of lpxO, which encodes lipid A hydroxylase, is also mediated, at least in part, by PhoP-PhoQ (5, 9). Activation of PhoP-PhoQ leads to the activation of a second two-component regulatory system, PmrA-PmrB (8, 10) . PmrA-PmrB promotes the attachment of aminoarabinose and phosphoethanolamine to phosphate groups on lipid A, which are involved in bacterial resistance to cationic antimicrobial peptides (7, 15) . Furthermore, PhoPPhoQ activation produces a more robust permeation barrier in the outer membrane, and lipid A modifications are involved in the generation of this enhanced barrier (19) . Mg 2ϩ ions decreased membrane permeability strongly in a phoP-null strain but only modestly in a PhoP-constitutive strain (19) , implying a biological relevance of lipid A modifications by magnesium limitation.
Previous studies did not detect PagL-dependent lipid A deacylation when S. Typhimurium was grown under PhoPPhoQ-activating conditions that induce PagL expression (11, 13, 22) . In contrast, PagL-dependent lipid A deacylation was observed in pmrA-null and pmrE-null strains, both of which lacked aminoarabinose modification of lipid A (11, 13) . These findings cannot be simply ascribed to the substrate specificity of PagL, since many lipid A species that are not modified with aminoarabinose exist in S. Typhimurium grown under PhoPPhoQ-activating conditions (13) . Therefore, it is thought that PagL is latent under these conditions and that aminoarabinose modification of lipid A is involved in the regulation of latency (13) . PagL latency is consistent with an emerging paradigm of outer membrane enzyme regulation (1) . It should be noted that PagL-dependent lipid A deacylation, which is beneficial for invading bacteria by allowing them to avoid Toll-like receptor 4 responses, would occur under some specific conditions such as those which activate PhoP-PhoQ without induction of lipid A aminoarabinose modification. Furthermore, we have identified several amino acid residues in the extracellular loops of PagL that are essential for latency but not for deacylase activity (17) . The amino acid residues essential for latency were also necessary for PagL to associate with LPS (16) . However, the biological significance of latency remains unknown.
The influx rate of a lipophilic agent, ethidium bromide, is increased by a pmrA-null mutation in an S. Typhimurium strain with a PhoP-constitutive phenotype (19) . The rate-limiting step of this influx is crossing of the asymmetric bilayer in the outer membrane. Therefore, these observations suggest that pmrA-dependent lipid A modifications, such as aminoarabinose and phosphoethanolamine attachment, help generate a more robust permeation barrier through PhoP-PhoQ activation. On the other hand, lipid A is deacylated by PagL in a pmrA strain under PhoP-PhoQ-activating conditions (13) . These observations led us to examine whether PagL-dependent lipid A deacylation increases the membrane permeability of the pmrA mutant strain.
Effects of PagL on PmrA-dependent production of robust membrane permeability. To examine outer membrane permeability, ethidium influx rates were examined as previously described (19) . S. Typhimurium strains were cultivated overnight at 37°C in magnesium-limited (10 M MgCl 2 ) N-minimal medium (pH 5.8), which activates PhoP-PhoQ (11, 15) . The precultures were diluted 1:10 with fresh medium and then grown at 37°C for 24 h. The stationary-phase cells were suspended in 50 mM phosphate buffer (pH 7.0) and then diluted to an optical density at 600 nm of 0.4 at room temperature. To inactivate the efflux pumps, the cells were treated with 100 M carbonyl cyanide meta-chlorophenylhydrazone for 5 min prior to the addition of ethidium bromide (final concentration of 10 g/ml). Fluorescence was monitored with a Shimadzu RF-5300 spectrofluorometer. The ethidium influx rate of pmrA mutant strain JSG421 (pmrA::Tn10d) (8) was higher than that of the parental wild-type strain (S. Typhimurium 14028s), indicating that PmrA is involved in the production of a robust membrane barrier (Fig. 2) . The influx rate of pmrA pagL double-mutant strain KCS208 (pmrA::Tn10d ⌬pagL) (11) was lower than that of the pmrA single-mutant strain, indicating that PagL-dependent lipid A deacylation increased the permeability of the pmrA mutant strain membrane (Fig. 2) . On the other hand, the influx rate of the pmrA pagL mutant strain was higher than that of the wild-type strain, suggesting that PmrA-dependent lipid A modifications, such as aminoarabinose and phosphoethano- on October 16, 2017 by guest http://jb.asm.org/ lamine attachment, are also involved in generating a robust permeation barrier (Fig. 2) . Furthermore, we examined pmrEnull strain KCS041 (pmrE1::Tn10d), in which aminoarabinose modification of lipid A is defective and PagL is released from latency (11, 13) , and pmrE pagL double-mutant strain KCS209 (pmrE1::Tn10d ⌬pagL) (11). The pmrE mutant strains behaved similar to pmrA mutant strains (Fig. 2) . In addition, the influx rate of pagL-null strain KCS216 (⌬pagL) (11) was similar to that of the wild-type strain (Fig. 2) , which was consistent with previous observations that lipid A was not deacylated by PagL when the wild-type strain was cultivated under PhoP-PhoQactivating conditions, despite the induction of PagL (11, 13) . These results, taken together, suggest that PagL latency is involved in the production of PmrA-dependent robust membrane permeability. Nonlatent PagL increased membrane permeability. To further confirm that PagL latency is beneficial for a robust permeation barrier during PhoP-PhoQ activation, a nonlatent PagL R43A mutant protein (17) , which has lost latency but retained its enzymatic activity, was used for the analysis. A lowcopy-number cloning vector, pWKS30 (24) , and its derivatives that express recombinant wild-type PagL (pWKS30-pagLHis 6 ) (13) or nonlatent PagL R43A (pWKS30-pagL R43A -His 6 ) (17) were introduced into S. Typhimurium pagL mutant strain KCS216 (11) . The transformants were grown in magnesiumlimited N-minimal medium (pH 7.4) containing 50 g/ml ampicillin as previously described (17), and ethidium influx was examined. Compared with the strain expressing wild-type PagL, the strain expressing nonlatent PagL R43A had an increased influx rate (Fig. 3) , suggesting that lipid A deacylation increased membrane permeability. The wild-type PagL-expressing strain had an influx rate similar to that of the strain that was transformed with the control vector (Fig. 3) , which was consistent with previous observations that PagL-dependent lipid A deacylation was not induced by introducing wildtype PagL into S. Typhimurium pagL mutant strains (13, 17) .
The role of PagL latency was further examined by analyzing the resistance to lipophilic antimicrobial agents, which are expected to cross the outer membrane through the asymmetric bilayer region (19, 23) . We determined the MICs of antimicrobial agents, including lipophilic agents such as rifampin, fusidic acid, novobiocin, erythromycin, and mupirocin. The MICs were determined in 96-well microtiter plates using a standard 2-fold broth microdilution method. Magnesium-limited N-minimal medium (pH 7.4) containing 50 g/ml ampicillin was used as the assay medium. The transformants were precultured in the assay medium and then used for the analysis, with an inoculum size of approximately 3,000 cells per well. Each experiment was repeated at least twice. The strain expressing recombinant nonlatent PagL R43A was more susceptible to some lipophilic agents, such as rifampin, fusidic acid, and novobiocin, than was the strain expressing wild-type PagL (Table 1 ). In addition, the strain expressing PagL R43A was more susceptible to the large compound vancomycin than was the strain expressing wild-type PagL ( Table 1 ). The susceptibility of Gram-negative bacteria to vancomycin increases when the outer membrane is perturbed with the polymyxin B nanopeptide, which binds LPS (14, 23) . These results suggest that PagL latency is important for bacterial resistance to some lipophilic antimicrobial agents. To further confirm this susceptibility, cell growth in the assay medium was examined in the presence of the antimicrobial agents. In the presence of rifampin (0.25 g/ml), fusidic acid (160 g/ml), novobiocin (20 g/ml), or vancomycin (2.5 g/ml), the PagL R43A -expressing strain had a lower cell growth rate than the strain expressing wild-type PagL and the strain transformed with the control vector (data not shown). In contrast, there were no differences in cell growth in the absence of these agents (data not shown). Taken together, these results indicate that PagL latency is important for a robust permeation barrier in the outer membrane.
Biological effects of lipid A modifications are difficult to dissociate from one another because they are more or less coregulated. PagL latency in S. Typhimurium grown under PhoP-PhoQ-activating conditions is a part of the coregulation machinery (13) . Here, we demonstrated that PagL-dependent lipid A deacylation makes the outer membrane more permeable to lipophilic agents and that PagL latency is involved in generating a robust permeation barrier when S. Typhimurium is grown under PhoP-PhoQ-activating conditions. The reduced fluidity of saturated acyl chains consisting of the lipid A portion is responsible for the protective functions of the LPS leaflet in the outer membrane, and this fluidity increases as the numbers of saturated acyl chains in lipid A decreases (20) . Therefore, PagL latency is suspected to be involved in maintaining the low fluidity of the outer membrane of S. Typhimurium. 
